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Single-crystal,  n-type,  undoped  CdS  and  Te-doped  CdS  0.00,  1000  ppm 
CdStTe)  electrodes  exhibit  electroluminescence  (EL)  in  aqueous,  alkaline 
peroxydlsulfate  electrolyte.  Addition  of  Te  to  CdS  introduces  Intraband  gap 
states  which  drastically  alter  the  EL  spectral  distribution.  The  EL  spectrum 
of  undoped  CdS  consists  of  a  sharp  band  near  the  band  gap  energy  (*><2.4  eV) 
with  A  ^510  nm  and  a  weaker,  broader  band  at  lower  energy;  the  EL  spectra 
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An  understanding  of  electrochemistry  at  semiconductor  electrodes  requires 
knowledge  of  the  role  Intraband  gap  states  play  In  mediating  Interfaclal  charge 
transfer.  Reference  to  surface  states  Is  especially  prevalent  In  the  photo- 
electrochemical  cell  (PEC)  literature?'  ^The  existence  of  Intraband  gap  states  has 
been  supported  In  part  by  electroluminescence  (EL)  studies:  Electrolyte  species 
capable  of  hole  Injection  Into  the  valence  bands  of  n-type,  semiconducting  T10^» 
SrTIOj  ,  CdS\  GaP*  ,ZnO  ,  and  GaAs  'yielded  luminescence  at  sub-band  gap  energies. 

Since  the  valence  band  edges  of  these  materials  are  generally  at  very  positive 

potentials,  valence  band  hole  Injection  requires  a  potent  oxidizing  species.  Aqueous 

alkaline  peroxydl sulfate  (01^S20gj^  electrolyte  has  been  the  medium  of  choice  for 

observing  the  effect#  the  sequence  of  half -reactions  occurring  at  the  n-type 

n - — * — -  - - - -  —  4 . 

semiconductor  electrode  Is  reported  to  be  the  following:  " 


w 


+  e_CB  **  S042'  +  S04*~ 

(1) 

- 

so4-~  -  so42'  +  h+VB 

i 

(2) 

The  symbol  e"^  represents  an  electron  In  or  near  (surface  state  or  trap,  e.g.) 

the  conduction  band;  similarly,  h+yB  denotes  a  hole  In  or  near  the  valence  band. 

Once  h+  has  been  Injected  by  the  strongly  oxidizing  sulfate  radical,  radiative 

recombination  with  electrons  can  occur.  Estimates  for  the  redox  potentials  of  (1) 

5a 

and  (2)  are  <+0.6  and  > +3.4  V  vs.NHE,  respectively. 

Establishing  the  presence  of  Intraband  gap  states  by  EL- Induced ,sub-band  gap 

emission  demonstrates  the  utility  of  the  technique.  Extending  EL  studies  beyond  this 

stage  would  be  greatly  facilitated  by  knowledge  of  the  energetic  location  and 

properties  of  the  Intraband  gap  states.  Recent  work  In  our  laboratory  has  focussed 

,  .  7-10 

on  PECs  employing  n-type,  Te-doped  CdS(CdS:Te)  electrodes.  These  materials  exhibit 
room  temperature  photoluminescence  (PL)  at  sub-band  gap  energies.  The  emissive 
transition  Involves  well -characterized  states  Introduced  by  the  substitution  of 
Te  for  S  In  the  CdS  lattice. 


In  this  paper  we  demonstrate  that  the  deliberate  introduction  of  intraband 
gap  states  by  Te  lattice  substitution  significantly  alters  the  EL  properties  of  a 
CdS  semiconductor  electrode.  Sections  below  detail  the  spectral  distribution, 
voltage  dependence  and  quantum  efficiency  of  EL  for  undoped  CdS,  100  and  1000  ppm 
CdS:Te.  Comparisons  with  PL  properties  are  discussed  in  terms  of  excited-state 
and  Interfacial  charge- transfer  processes. 

E  oeri mental 

Materials  S1ngle~crystal  samples  of  n-type  CdS,  100  ppm  CdSjTe,  and  1000  ppm 
CdS:Te  were  obtained  from  Cleveland  Crystals,  Inc,,  Cleveland,  Ohio  as  10x10x1  mm 
plates  with  the  10x10  face  oriented  perpendicular  to  the  £-ax1s.  These  materials 
were  vapor  grown  with  resistivities  (four  point  probe  method)  of  ''*20  -cm.  Values 
of  [Te]  are  estimates  based  on  starting  quantities.  ^2^8  ^aker,  99.4%)  was  used 
ac  aceived. 

t  actrode  Preparation  Crystals  were  cut  into  Irregularly-shaped  pieces,  ^0.3  cm^ 
x  1  mm  and  etched  In  a  1:10  (v/v)  Br2/MeOH  solution  for  ^20  s.  Samples  were 
subsequently  rinsed  in  distilled  H20»  transferred  to  a  beaker  of  MeOH,  and  placed  in 
an  ultrasonic  cleaner  for  10  min.  to  remove  residual  Br2.  This  etchant  permits 
visual  identification  of  the  more  specular  0001  "Cd"-rich  and  matte  0001  "S"-rich 
faces.  Ohmic  contact  was  made  by  rubbing  Ga-In  eutectic  either  on  the  000T  face 
(leaving  the  0001  face  exposed)  or  on  an  edge  ("edge  mount").  A  Cu  wire  was  Inserted 
Into  a  5  mm  o.d.  glass  tube  and  attached  to  the  eutectic  by  conducting  Ag  epoxy. 

Clear  epoxy  resin,  used  to  protect  the  contact  region  from  the  electrolyte,  was 
applied  and,  after  curing,  covered  with  black  epoxy  to  eliminate  emission  from 
the  mounting  materials. 

CelJi  All  experiments  were  performed  In  a  N2-purged,  5M  NaOH/O.l  M  K2S20g  aqueous 
electrolyte  with  a  1x3  cm  Pt  foil  counterelectrode  and  an  SCE.  Electroluminescence 
(EL)  and  photoluminescence  (PL)  spectral  measurements  employed  a  7.0x2. 5  cm  o.d. 

O 

glass  vessel.  EL  efficiency  was  measured  using. a  "half-cell"  described  earlier. 


Current-Voltage  Curves  A  standard  three-electrode  cell  was  used  In  conjunction 

with  a  PAR  173  potentlostat/galvanostat  and  a  PAR  175  universal  programmer  which 

permitted  the  electrode  potential  to  be  swept  or  pulsed  between  preset  values. 

The  1-V  curves  were  displayed  on  a  Houston  Model  2000  x-y  recorder. 

EL  and  PL  Spectra  Emission  measurements  (200-800  nm)  were  made  on  an  Amlnco- 

Bowman  spectrophotofluorometer  equipped  with  a  Hamamatsu  R446S  PMT  for  extended  red 

response.  Uncorrected  emission  spectra  were  displayed  on  a  HP7004A  x-y  recorder 

(response  time,  ^0.3  sec);  band  width  Is  ^5  nm.  EL  spectra  were  obtained  by  pulsing 

the  working  electrode  (CdS,  CdS:Te)  between  0.0  V  (11  s)  and  -1.8  V  vs.  SCE  (1  s) 

while  the  emission  monochromator  was  scanned  at  12  nm/mln.  This  procedure  was 

repeated  for  different  geometries  of  the  working  electrode  relative  to  the  detection 

optics  and  for  different  electrode  potentials  In  fixed  geometries.  In  the  latter 

case  the  more  cathodic  potential  used  In  the  pulse  sequence  was  varied  from  the 

onset  of  EL  (,'»-1.2  to-1.3  V  vs.  SCE)  to  -2.0  V  vs.  SCE  and  back  to  the  onset  potential 

the  EL  spectra  obtained  at  different  potentials  In  this  manner  were  most  reproducible 

with  potentials  £-1.8  V  vs.  SCE.  It  should  be  noted  that  true  EL  peak 

Intensities  are  not  obtained  In  the  pulse  experiments  due  to  the  slow  response 

time  of  the  detection  system.  PL  spectra  represent  fronteurface  emission  and 
were  obtained  by  orienting  the  sample  at  M5°  to  both  the  457.9  nm  line  of  a 

Coherent  Radiation  CR-12  Ar  Ion  laser  and  the  emission  detection  optics.  The  2-3  mm 

dla.  laser  beam  was  passed  through  an  Oriel  Model  7240  grating  monochromator  to 

eliminate  background  plasma  lines,  10X  expanded,  translated  upward  and  Into  the  side 

of  the  emission  compartment  by  a  periscope,  and  masked  to  fill  the  electrode  surface. 

Laser  Intensity  was  monitored  by  using  a  quartz  disk  as  a  beam  splitter  In  conjunction 

with  a  Sclentech  362  power  energy  meter. 

EL  Efficiency.  Emission  Intensity  was  measured  with  a  Tektronix  J16  radiometer 

equipped  with  a  J6502  probe  head  (flat  response  ±7X,  450-950  nm).  The  flat 

2 

window  of  the  "half-cell"  permits  the  1  cm  sensor  area  of  the  probe  head  to 
be  within  n,l  cm  of  the  sole  exposed  face  of  the  emitting  electrode.  For 
steady-state.  Instantaneous  EL  efficiency  determinations,  the  electrode  was 
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held  at  -1.8  V  vs.  SCE.  Emission  Intensity  and  current  were  simultaneously 
recorded  on  Heath  Model  EU-200-02  and  Varlan  Model  9176  strip-chart  recorders, 
respectively.  Gas  quantities  evolved  from  a  100  ppm  CdS:Te  electrode  and  a  Pt 
counterelectrode  during  an  EL  experiment  were  collected  by  displacing  electrolyte 
from  Inverted  10  x  0.5  cm  o.d  tubes  with  ends  above  the  electrodes  flared 
to  1  cm  o.d.  The  ratio  of  gases  collected  at  the  two  electrodes  was  roughly 
the  same  Irrespective  of  whether  the  semiconductor  electrode  was  held  at  -1.8  V 
or  pulsed  between  0.0  V  (11  s)  and  -1.8  V  vs.  SCE  (1  s)  .  To  identify  the 
gases  the  same  procedure  was  used  except  that  0.6  cm  o.d.  tubes  were  fitted 

o 

with  stopcocks  such  that  a  collection  compartment  of  M.O  cm  was  obtained. 

After  the  electrolyte  had  been  displaced  from  the  compartments,  the  stopcocks 

were  closed  and  the  gases  subsequently  analyzed  on  a  Kratos  MS  902-C  mass  spectrometer . 

Results  and  Discussion 

When  a  sufficiently  negative  bias  is  applied  to  n-type  CdS  and  CdS:Te 
electrodes  in  a  ^-purged,  peroxydi sulfate  electrolyte  (5M  0H"/0.1  M  SgOg^"), 
luminescence  Is  visibly  apparent  In  a  darkened  room.  Undoped  CdS  exhibits 
blue-green  emission,  while  100  and  1000  ppm  CdS:Te  emit  orange  and  orange-red 
light,  respectively.  By  conducting  the  EL  experiment  In  the  compartment  of  an 
emission  spectrometer,  the  spectral  distribution  of  emitted  light  can  be  analyzed 
as  a  function  of  various  EL  parameters. 

In  Figure  1  we  present  1-V  curves  for  the  CdS  electrodes  In  both  OH"  and 
OH  /S^Og  media.  Besides  demonstrating  that  the  current  for  potentials  ^-1.8  V 
vs. SCE  is  largely  a  result  of  peroxydi sulfate  addition,  Flgure.l  also  Indicates  the 
general  electrochemical  similarity  of  the  three  CdS  materials.  The  onset  of 
detectable  EL  for  these  samples  Is  ^-1.2  to  -1.3V  vs.  SCE.  This  range  Is  negative 
of  the  estimated  flat-band  potential  for  undoped  CdS  In  aqueous,  alkaline  media. 


As  reported  earlier  for  undoped  CdS,  the  EL  signal  Is  most  reproducible  In  a 
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pulsed  potential  experiment.  In  constant  potential  experiments  conducted  at  -1.8  V 
vs.  SCE,  we  found  that  a  strong  EL  signal  for  100  ppm  CdS:Te  diminished  by  at  least 
an  order  of  magnitude  during  the  Initial  seconds  that  the  cell  was  In  circuit.  We 
attribute  the  quenching  primarily  to  the  presence  of  surface  Cd,  Initially  formed 
via  eq.  3;  this  reaction  has  been  studied  with  undoped  CdS  In  neutral  aqueous  media . 

CdS  +  2e"  Cd  +  S2"  (3) 

A  dark  layer  Is  occasionally  visible  on  the  electrodes  In  OH'^Og2"  electrolyte  after 
several  seconds  at  -1.8  V;  evidence  that  the  layer  contains  Cd  Is  Its  oxidative 
removal  at  ''•-1.1  V.  **  The  strong  EL  signal  Is  regenerated  by  returning  to  -1.8  V  vs. 
SCE.  Our  experiments  have  thus  been  conducted  In  a  pulse  sequence  between  0.0  V  (11  sec) 
and  -1.8  V  (1  sec).  A  net  decomposition  of  CdS  could  occur  under  these  conditions*  but 
we  found  minimal  weight  loss  In  prolonged  EL  experiments. We  Interpret  this  to 
mean  that  although  Cd  may  initially  form  by  eq.  3.  Its  subsequent  presence  Is  probably 
due  to  reduction  of  surface  or  electrolyte  Cd-contalnlng  species  (CdO,  Cd(0H)2,e.g).  it 
should  be  kept.  In  mind  that  the  effect  of  surface  species  on  the  EL  spectral  distribution 
by*  e.g.,  absorption  or  reflection  of  the  emitted  light  Is  unknown.  However*  both 
the  EL  spectral  distribution  and  Intensity  were  sufficiently  reproducible  (the 
Intensity  was  constant  to  within  +  10X  over  hundreds  of  pulses)  to  permit 
characterization  of  the  system. 

Spectral  Distribution 

The  EL  spectra  of  the  three  CdS  electrodes  are  shown  In  Figures  2a»3a,  and  4a. 
Undoped  CdS  (Figure  2a)  exhibits  a  sharp  peak  with  X)MX  ''•510  nm  (FWHM  M5  nm),  as  well 
as  a  weaker*  broader  band  extending  from  ''<600  to  800  nm,  the  limit  of  our  measuring 
capability.  The  510  nm  peak  corresponds  to  roughly  the  band  gap  energy  of  CdS 
(Egg^.A  eV  ).  We  assign  the  transition  to  the  radiative  recombination  of  an  electron 
and  hole  with  approximately  conduction  band  edge  and  valence  band  edge  energies* 
respectively;  emission  bands  In  this  energetic  vicinity  have  previously  been  reported 
In  PL  studies  of  undoped  CdS.^  Assignment  of  the  lower  energy  trensltlon(s)  Is 
hampered  by  the  unknown  location  of  Intraband  gap  states  which  are  clearly  Implicated 


by  the  sub-band  gap  emission.  This  Is  the  same  problem  which  arose  In  the  earlier 

A 

study  by  Pettlnger  et  al.  on  undoped  CdS. 

For  comparison  with  the  EL  spectrum,  PL  spectra  of  the  same  sample  were 

obtained  by  exciting  It  with  the  457.9  nm  line  of  an  Ar  Ion  laser.  Curves  1  and  2 

of  Figure  2b  show  the  PL  spectra  of  undoped  CdS  In  air  and  peroxydl sulfate  electrolyte 

(open  circuit  to  eliminate  EL  background),  respectively.  Because  potential  Is 

known  to  Influence  photolumlnescence7*^’^®, we  also  examined  the  PL  spectrum 

at  -1.8  V  vs.  SCE  In  5M  OH*  electrolyte  where  band  bending  should  be  more  comparable 

to  that  of  the  EL  experiment.  In  all  of  these  PL  spectra  only  the  510  nm  band  was 

detectable. 

Although  the  uncertain  origin  of  the  low-energy  EL  band  makes  comparisons 

difficult,  one  possible  explanation  for  Its  absence  In  the  PL  spectra  may  be 

relevant  If  surface  states  are  Involved  In  the  emissive  transition.  Since  the 
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absorptivity  of  undoped  CdS  at  457.9  nm  Is  MO  cm  ,  only  a  small  fraction 

of  light  Is  absorbed  at  the  surface.  Any  Inefficiencies  In  populating  the  appropriate 

excited  state  with  these  photons  would  further  reduce  the  probability  for  observing 

the  low-energy  emission  band.  On  the  other  hand,  the  electrochemical  generation 

of  holes  Is  a  potentially  more  surface-sensitive  technique:  production  of  excited 

states  Is  Initiated  at  the  semiconductor-electrolyte  Interface.  Additionally, 

direct  population  of  the  emitting  state  Is  possible,  depending  upon  the  energy 

with  which  the  hole  Is  Injected.  Experiments  designed  to  evaluate  the  surface 

sensitivity  of  EL  are  presently  In  progress. 

Doping  CdS  with  MOO  ppm  Te  produces  a  dramatic  change  In  the  EL  spectrum. 

Figure  3a.  Although  the  sharp  peak  at  510  nm  Is  still  present,  the  EL  spectrum 

Is  now  dominated  by  a  broad  band  with  X|nax  M>00  nm.  Both  of  these  transitions  are  also 

-  ?- 

observed  In  PL  spectra  In  air  and  OH  ^Og  ,  Figure  3b,  and  at  -1.8  V  vs.  SCE 

In  5M  OH*  electrolyte.  The  origin  of  the  600  nm  band  Is  believed  to  be  the 

Introduction,  by  substitution  of  Te  for  S  In  the  CdS  lattice,  of  states  M).2  eV 

17-22 

above  the  valence  band  edge.  Holes  trapped  at  Te,  which  has  a  lower  electron 
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affinity  than  S,  can  Coulombically  bind  an  electron  in  or  near  the  conduction 
band.  This  Te-bound  exciton  can  radiatively  collapse  to  produce  the  sub-band 
gap  emission.  A  100  ppm  CdS:Te  electrode  thus  has  at  least  two  excited  states 
which  can  be  populated  in  an  EL  experiment,  as  shown  in  a  simplified  one-electron 
diagram.  Scheme  I.  The  symbols  E^,  Eyg,  Ejg  and  Egg  represent  energies 
corresponding  to  the  conduction  band  edge,  the  valence  band  edge,  the  Te  states, 
and  the  band  gap,  respectively.  Filled  and  open  circles  symbolize  electrons  and 
holes,  respectively. 
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Introduction  of  Te  into  the  CdS  lattice  Is  accompanied  by  the  appearance  of 

8  19-21 

a  low-energy  absorption  tall  which  masks  the  material's  band  gap.  *  While 

we  cannot  definitively  assign  the  510  nm  transition  In  Figure  3,  its  energy, 
sharpness , and  overall  similarity  to  that  of  undoped  CdS  certainly  suggest  that 
It  may  be  band  edge-related.  If  so,  this  would  confirm  literature  speculation 
that  the  CdS:Te  band  gap  at  low  Te  concentrations  ([Te])  Is  similar  to  that  of 
undoped  CdS.17b’19,21  Edge  emission  for  CdS:Te  has  been  reported  at  low  temperatures.19 
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One  further  comment  regarding  Figure  3a  addresses  the  relative  Intensities 
of  the  510  and  600  nm  bands.  Some  of  our  samples  gave  visibly  nonuniform  EL 
properties.  For  these  samples  we  found  that  the  ratio  of  the  600  nm  to  the 
510  nm  Intensity  was  dependent  on  the  geometry  of  the  electrode  relative  to 
the  emission  detection  optics;  for  example,  six  different  orientations  of 
the  sample  used  In  the  EL  experiment  of  Figure  3a  gave  ratios  of  4.5,  3.1,  2.9, 

1.7,  1.5  and  1.3  (ratios  are  not  corrected  for  a  small  amount  of  overlap  of  the 
600  nm  band  tall  with  the  510  nm  band).  An  analogous  measurement  In  the  PL 
experiment  was  precluded  by  the  limited  range  of  geometries  which  permitted 
both  emission  bands  to  be  observed  without  Interference  from  scattered  laser 
light.  The  geometry-dependent  EL  spectra  are  likely  a  result  of  local  variation  in 
the  electrode  affecting  some  step(s)  of  the  EL  mechanism;  excited-state  decay 
kinetics  should  be  especially  sensitive  to  electrode  nonuniformity.  We  emphasize 
that  only  some  of  our  electrodes  displayed  geometry-dependent  EL  spectra. 

It  appears  from  both  the  PL  and  EL  data  for  100  ppm  CdS:Te  that  Te  states 

have  a  high  probability  of  hole  capture.  This  becomes  even  more  evident  In  the 

1000  ppm  CdS:Te  EL  spectrum.  Figure  4a.  Although  the  sharp  peak  at  ^510  nm  Is 

still  observable.  Its  Intensity  Is  greatly  diminished  relative  to  a  broad  band 

with  AJnax  ^20  nm.  The  620  nm  transition  is  likely  a  composite  of  bands:  PL 

studies  of  M000  ppm  CdS:Te  Identified  the  600  nm  band  observed  for  100  ppm 

18-21 

CdS:Te  and  a  second  band  with  A(nax  ^730  nm.  With  Increasing  [Te]  this  latter 

transition  becomes  dominant  In  PL  studies  and  Is  thought  to  arise  from  excltons 
trapped  at  several  nearest-neighbor  Te  sites;  the  state  Involved  (Eye,)  is  believed 
to  lie  MJ.4-0.6  eV  above  the  valence  band  edge.  A  minimum  of  three  excited  states 
would  thus  exist  for  1000  ppm  CdS:Te,  as  sketched  In  Scheme  II. 
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The  PL  spectra  in  air  and  peroxydi sulfate  electrolyte  for  the  1000  ppm  CdS:Te 

sample  are  presented  in  Figure  4b.  The  emission  maximum  at  ^640  nm  appears  red 

shifted  relative  to  the  EL  A  of  M>20  nm.  This  shift,  well  in  excess  of  our 

max 

band  width  of  ^5  nm,  may  not  reflect  differences  in  PL  and  EL  so  much  as 
differences  in  potential.  We  find  this  shift  duplicated  In  the  PL  spectra  of 
1000  ppm  CdS:Te  In  5M  0H“  between  -1.8  V  vs.  SCE  and  open  circuit;  these  spectra 
matched  Figures  4a  and  b,  respectively.  In  light  of  the  above  discussion,  a 
plausible  explanation  for  the  spectral  shift  would  be  different  efficiencies  for 
hole  capture  by  Eye  and  Eyfi,  under  the  two  sets  of  experimental  conditions. 

One  disadvantage  of  the  doped  electrodes  Is  that  their  emissive  transitions 
mask  the  region  where  the  low-energy  band  was  observed  in  the  EL  spectrum  of 
undoped  CdS.  There  Is  no  compelling  reason  to  think  that  the  states  Involved 
in  that  transition  would  be  absent  In  the  doped  CdS  samples.  From  the  overall 
spectral  envelope,  however,  we  feel  that  the  principal  Intraband  gap  states 


We  should 


contributing  to  the  EL  and  PL  spectra  of  CdS:Te  are  Eje  and  Eye, . 
point  out  that  In  no  EL  experiment  did  we  see  emission  at  200  <  X  <  460  nm. 

Electrode  Potential  Effects 

Previous  studies  indicated  that  the  CdS  EL  Intensity  and  spectral  distribution 
were  potential  dependent.  In  Table  I  we  present  a  summary  of  EL  properties  for 
the  three  CdS  electrodes  at  potentials  ranging  from  the  onset  of  EL  to  -2.00  V  vs.  SCE. 
Table  entries  represent  the  maximum  Intensities  observed  at  EL  band  maxima  In  the 
pulse-generated  spectra  (cf.  Experimental);  the  Insensitivity  of  the  spectral 
distribution  of  Individual  EL  bands  to  potential  permits  the  data  to  be  summarized 
in  this  form.  In  comparing  tabulated  intensities  for  a  given  electrode  at  several 
potentials*  some  caution  In  Interpretation  Is  necessary  in  the  absence  of  time-resolved 
EL  spectral  data.  Our  preliminary  time-resolved  results  Indicate  that  peak  EL 
Intensity  for  these  samples,  occurring ^50  usee  after  pulse  initiation,  does  signifi¬ 
cantly  Increase  with  cathodic  potential  from  -1.3  to  -2.0  V  vs.  SCE  in  accord  with 
the  trends  In  Table  I. 

In  several  Instances  the  relative  Intensities  of  the  EL  bands  were  also  Influenced 
by  potential.  Importantly*  the  spectral  distribution  found  In  the  pulsed  experiments 
was  also  observed,  albeit  at  far  lower  Intensities,  In  steady-state  EL  experiments 
conducted  by  sitting  at  the  various  potentials.  To  Illustrate  the  potential  dependencer 
the  sample  of  undoped  CdS  examined  (Part  A,  Table  I)  displayed  a  considerable  Increase 
In  510  nm  emission  relative  to  the  600-800  nm  band  In  passing  from  -1.30  V  to  -1.55  V 
vs.  SCE.  Although  little  change  was  observed  at  -1.80  V,  the  Intensity  ratio  of  the 
two  bands  was  again  altered  at  -2.00  V  vs.  SCE,  owing  to  the  disappearance  of  the 
low-energy  band.  The  efficiency  of  510  nm  emission  relative  to  sub-band  gap  emission 
thus  Increased  markedly  on  passing  to  more  negative  potentials. 

Examination  of  100  ppm  CdS:Te  (Part  B,  Table  I)  also  revealed  potential -dependent 
EL  spectra.  At  the  onset  of  EL,  '>*-1 .18  V  vs.  SCE,  only  the  600  nm  band  was  evident; 
even  at  -1.33  V  this  band  dominated  the  510  nm  band  as  Indicated  by  their  Intensity 
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ratio  of  9.  However,  at  -1.55,  -1.80,  and  -2.00  V  both  bands  contributed  substantially 
to  the  emission  with  an  Intensity  ratio  (I ^  nn/^lO  m?  ran9*n9  ^ro,n  ^-S.  For 
the  1000  ppm  CdS:Te  sample  (Part  C,  Table  I)  the  Intensity  ratio  of  the  620  nm  to 
the  510  nm  band  was  ^7-10  between  -1.55  and  -2.00  V  vs.  SCE.  Interestingly,  the 
510  nm  band  was  not  detected  at  the  most  positive  potential  of  -1.22  V  vs.  SCE, 
despite  the  very  substantial  620  nm  Intensity. 

This  anomalously  low  510  nm  intensity  is  paralleled  to  a  lesser  extent 
by  the  -1.33  V  experiment  with  100  ppm  CdS:Te  and  by  what  appears  to  be  an  EL 
onset  at  relatively  more  negative  potential  for  undoped  CdS.  In  other  words, 
the  510  nm  emission  seems  to  require  more  negative  potentials  than  the  Te-based 
EL  bands.  In  sharp  contrast,  100  ppm  CdS:Te  does  not  exhibit  potential -dependent 
Intensity  ratios  in  its  PL  spectra  In  5M  OH"  electrolyte  between  -1.2  and  -1.8  V  vs. 
SCE.  Determining  whether  the  EL  spectral  dependence  on  potential  is  due  to  differences 
in  population  of  the  various  excited  states,  differences  In  excited-state  decay 
kinetics,  differences  In  charge- transfer  processes  and  rates,  or  a  combination  of 
these  effects  requires  more  mechanistic  Information  than  we  presently  possess.  The 
result  does  accord,  however,  with  previous  studies49  In  demonstrating  that  potential 
can  provide  selectivity  over  the  EL  spectral  distribution  In  systems  exhibiting 
multiple  emission  bands. 

Efficiency 

Absolute  determinations  of  EL  efficiency  are  beset  by  several  experimental 
difficulties;  principally,  these  Involve  accounting  for  the  spatial  and  spectral 
distributions  of  emitted  photons  and  determining  the  fraction  of  current 
attributable  to  hole  Injection.  Similar  complications  arise  In  measurements 
of  electrogenerated  chemiluminescence  (ECL)  efficiency.  We  have  adapted 
measures  of  efficiency  from  ECL  studies  which  should  yield  lower-limit,  order-of- 
magnltude  values.23  Our  discussion  will  be  confined  to  steady-state.  Instantaneous 
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EL  efficiency,  4^,  as  defined  by  eq.  (4),  where  F  Is  Faraday's  constant.  Data 

.  9  Emitted  Intensity  (eln/sec)  x  F  ... 

^EL  Current  Due  to  Hole  Injection  '4' 

for  this  calculation  are  obtained  from  experiments  conducted  at  constant  potential. 

We  have  attempted  to  measure  the  emitted  light  by  placing  a  flat-response 
(450-950  nm)  radiometer  next  to  the  sole,  exposed  face  of  the  emitting  electrode. 
The  Intensity  In  yW  can  be  related  to  the  photons  emitted  by  the  EL  spectral 
distribution.  Although  all  of  our  emission  spectra  are  uncorrected,  the 
similarity  of  our  EL  and  PL  spectral  distributions  suggest  the  use  of  corrected 
literature  PL  spectral  data^*20  for  this  power  to  eln/sec  conversion.  The 
procedure  Is  most  straightforward  and  accurate  for  undoped  CdS  which  has  the 
majority  of  Its  EL  Intensity  concentrated  In  the  single,  sharp  band  at  MilO  nm. 

The  conversion  Is  considerably  less  accurate  for  the  doped  electrodes  which  emit 
over  a  broad  spectral  range.  Our  estimate  Is  made  In  this  case  by  converting 
all  of  the  power  to  photons  at  A^x  and  bracketing  this  value  by  similar 
conversion  to  wavelengths  near  the  extremes  of  the  corrected  spectra.  In  all 
cases  we  have  underestimated  the  number  of  photons  emitted,  since  not  all  of  the 
photons  are  collected  In  the  geometry  employed. 

Conversely,  we  have  likely  overestimated  the  denominator  of  (4)  by  using 
the  total  current  as  a  measure  of  holes  injected.  If  equations  (1)  and  (2) 
truly  describe  the  electrochemistry  at  the  CdS  electrodes,  this  procedure  alone 
would  cause  us  to  underestimate  by  a  factor  of  two.  The  factor  could  be 

even  larger  If  allowance  Is  made  for  reduction  of  S0^T  by  conduction  band 

a  » 

electrons  and  for  current  due  to  the  reduction  of  H2O,  which  Figure  1  suggests 
to  be  a  competitive  process.  We  estimate  H2O  reduction  to  be  a  minor  current 
contributor,  however,  based  on  collection  of  the  gas  evolved  (analyzed  by  mass 
spectroscopy  as  largely  H2)  from  a  100  ppm  CdS:Te  electrode:  potentials  of  -1.8  V 
vs.  SCE  (pulsed,  as  described  earlier,  or  constant  potential  experiments)  In 


IS 

-  2- 

OH  /S2Og  electrolyte  yielded  M/8  the  gas  volume  collected  at  the  Pt  counter¬ 
electrode  (M  mol  02  was  collected  per  4  mol  e").  For  this  set  of  conditions,  then, 
electrolysis  of  H20  accounts  for  only  about  6%  (1/16)  of  the  current  observed. 

Our  conservatism  In  using  the  total  current  In  eq.  (4)  derives  from 
consideration  of  nonelectrochemical  means  of  generating  hole- Injecting  radicals; 

In  this  case  current  Is  equated  with  holes  Injected.  For  example,  thermal 
decomposition  of  S20g  to  2S04T  Is  believed  to  occur  *  and  could.  In  fact, 
be  catalyzed  by  the  electrochemical  conditions  employed.  Sulfate  radicals  produced 
In  this  manner  can  inject  holes  directly  (eq.  2)  or  indirectly  by  eq.  5. 

S04t  +  H20  -*■  S042"  +  H+  +  -OH  (5) 

The  resulting  'OH  radicals  can  then  Inject  holes,  as  noted  In  the  earlier 
CdS  EL  study.4® 

With  these  considerations  in  mind,  we  made  estimates  of  In  constant 

potential  experiments  conducted  at  -1.8  V  vs.  SCE,  Table  II.  We  find  that  4^ 

ranges  from  MO-6  for  undoped  CdS  to  MO"5  for  100  and  1000  ppm  CdS:Te  at 

current  densities  of  ^5  mA/cm2.  We  suspect  that  EL  efficiencies  are  considerably 

higher,  particularly  when  the  electrode  Is  Initially  brought  Into  circuit; 

for  example,  an  EL  efficiency  of  MO"4  was  previously  reported  under  pulsed 

conditions  for  undoped  CdS.4®  A  possible  source  of  low  EL  efficiency  under 

steady-state  conditions  Is  the  presence  of  surface  Cd  (vide  supra). 

Although  small  In  magnitude,  the  lower-limit  estimates  of  4^  do  provide 

some  Insight  Into  the  EL  mechanism.  The  expression  for  4^  (eq.  4)  can  be 

further  broken  down  Into  the  product  of  an  efficiency  for  excited-state 

population  excited  states  populated  per  holes  Injected)  and  an  emissive 

efficiency  ($r,  photons  emitted  per  excited  states  populated)  which  Is  character- 

23 

Istlc  of  the  excited  state.  The  general  similarity  In  EL  and  PL  spectral 


distributions  Is  good  evidence  that  the  same  excited  states  are  populated  In 
both  experiments.  Estimates  of  $r  for  the  Te-based  emission  bands  range  from 
10"4-10’2  from  PL  studies.®*9*19,20  If  the  same  excited  states  and  decay  kinetics  are 

Involved  In  the  EL  and  PL  experiments,  this  *r  result  In  conjunction  with  the 
Table  II  entries  suggests  that  $ES  for  CdS:Te  Is  no  smaller  than  10  and  Is  perhaps  as 
large  as  10’1 .  Improved  estimates  of  efficiency  require  more  detailed  knowledge 
of  both  the  Interfaclal  charge- transfer  processes  and  the  nature  of  coomunlcatlon 
among  the  several  excited  states  present  In  these  systems.  Studies  designed 
to  provide  this  Information  are  In  progress. 
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Table  1.  Potential  Dependence  of  Electroluminescence  Spectra 


A.  Undoped  CdS' 

Potential 

V  vs.  SCE 

Rel.  Int.c 
510  nm 

Rel.  Int.c 

700  nm 

*700  nm/%10 

d 

nm 

-1.30 

38 

4 

0.1 

-1.55 

330 

4 

0.01 

-1.80 

390 

4 

0.01 

-2.00 

380 

e 

m 

_e 

8.  100  ppm  CdS:Tea 

Potential 

V  vs.  SCE 

Rel.  Int.c 
510  nm 

Rel.  Int.c 

600  nm 

*600  rm/^lO 

d 

nm 

-1.18 

_e 

3 

_e 

-1.33 

29 

18 

99 

-1.55 

799 

398 

5.19 

-1.80 

1839 

493 

2.79 

-2.00 

3209 

1020 

3.29 

C.  1000  ppm  CdS:Tea 

Potential ,b 

V  vs.  SCE 

Rel.  Int.c 
510  nm 

Rel.  Int.c 

620  nm 

*620  w/1  510 

d 

nm 

-1.22 

3f 

129 

_f 

-1.55 

829 

636 

10.3® 

-1.80 

2109 

1550 

7.49 

-2.00 

809 

810 

10.19 

*•  The  Indicated  n-type  semiconductor  was  used  as  an  electrode  In  a  one-compartment 
EL  experiment  conducted  In  N2-purged,  SM  NaOH/O.lM  K^SgOg  electrolyte;  the  Pt  foil 
counterelectrode  was  1  x3  cm.  Exposed  electrode  areas  for  undoped  CdS,  100  ppm 
CdS:Te  (edge-mounted)  and  1000  ppm  CdS:Te  wore  0.07S,  0.71  and  0.41  cm2,  respectively. 


Table  I.  continued 

b.  The  semiconductor  electrode  was  pulsed  between  O.Q  V  vs.  SCE  (11  sec)  and  the 
Indicated  potential  (1  sec)  while  the  emission  spectrum  was  scanned  at 

12  nm/mln.  A  programmer-potentlostat  was  employed  to  cycle  the  electrode 

potential  (cf.  Experimental). 

c.  Relative  emission  Intensity  at  the  Indicated  wavelengths  which  correspond 
to  emission  band  maxima  (700  nm  was  arbitrarily  chosen  for  comparisons  for 
undoped  CdS).  Since  the  geometry  of  each  electrode  relative  to  the  emission 
detection  optics  was  unchanged  In  passing  from  one  potential  to  another,  these 
values  may  be  compared  for  a  given  electrode;  It  should  be  noted,  however,  that 
table  entries  are  not  true  peak  Intensities  and  comparisons  must  be  qualified 
by  the  absence  of  time-resolved  data  (see  text  and  Experimental). 

d.  Ratio  of  the  relative  emission  Intensities  at  the  Indicated  wavelengths; 
this  value  Is  obtainable  by  dividing  the  values  In  the  preceding  columns. 

These  are  not  absolute  ratios  because  the  emission  spectra  are  uncorrected 
for  detector  response.  The  ratios  are  Internally  comparable  for  a  given 
electrode,  as  described  In  footnote  cf  and  were  also  obtained  under  steady-state 
conditions  (see  text). 

e.  Band  was  not  observed;  consequently,  ratios  could  not  be  calculated. 

f.  This  Intensity  appeared  to  be  due  entirely  to  the  tall  of  the  620  nm  band. 

g.  No  effort  was  made  to  subtract  out  Intensity  due  to  the  tails  of  the  600  or 
620  nm  bands.  The  full  Intensity  at  510  nm  Is  entered  In  the  table  and  used 
In  the  ratio  calculations. 


Table  II.  Estimates  of  Electroluminescence  Efficiency 


Electrode* 

Emission  Intensity ,pU(e1n/sec  xT0^;X,nm)*> 

1,mAc 

*El LX,° 

Undoped  CdS 

0.0014(0.0060  ; 510) 

1.1 

0.653 

100  ppm  CdS:Te 

0.014  (0.070  ;600) 

0.90 

0.7*5 

(0.059  ;500) 

0.63 

(0.094  ;800) 

1.0 

1000  ppm  CdS:Te 

0.064  (0.37  ;  700) 

2.2 

1.6 

(0.27  ;  500) 

1.2 

(0.48  ;  900) 

2.1 

a.  The  Indicated  n-type  semiconductor  was  used  as  an  electrode  In  a  one-compartment 

-  2- 

EL  experiment  conducted  In  a  ^-purged  5M  OH  /0.1M  S20q  electrolyte;  the  Pt 
foil  counterelectrode  was  1  x3  cm.  Electrodes  were  held  at  -1.8  V  In  these 

o 

steady-state  experiments.  Exposed  electrode  areas  were  0.15,  0.29  and  0.41  cm 
for  undoped  CdS,  100  ppm  CdS:Te  and  1000  ppm  CdS:Te,  respectively. 

b.  Steady-state  emission  Intensities  measured  In  constant  potential  experiments 
with  a  flat-response  radiometer.  If  all  this  power  were  concentrated  at  the 
single  wavelength  shown  In  parentheses,  the  Indicated  Intensity  In  eln/sec  Is 
obtained.  The  first  such  wavelength  for  each  electrode  corresponds  to  an 
emission  band  maximum  obtained  from  corrected  literature  PL  spectra  (see  text). 
Subsequent  values  for  the  CdS:Te  samples  correspond  to  wavelengths  near  the 
extremes  of  the  corrected  emission  spectra. 

c.  Steady-state  currents  observed  In  constant  potential  experiments.  For  current 
densities  divide  by  exposed  electrode  areas  from  footnote  a. 

d.  Instantaneous  steady-state  electroluminescence  efficiencies  calculated  from 
the  corresponding  Table  entries  and  eq.  (4),  using  the  total 

measured  current  In  the  denominator.  From  the  approximations  and  assumptions 
used  to  obtain  these  data  (see  text),  entries  are  best  regarded  as  lower-limit, 
order-of-magnltude  estimates. 


Figure  Captions 


Figure  1 .  Current- voltage  curves  for  undoped  CdS,  100  ppm  CdS:Te,  and 
1000  ppm  CdS:Te,  labelled  1,  2,  and  3,  respectively.  Oashed  lines  represent 
data  obtained  In  5M  NaOH  electrolyte; sol Id  lines  are  plots  obtained  In  5M  NaOH/O.lH 
electrolyte-  All  curves  were  swept  at  20  mV/sec.  Electrode  surface  areas 
exposed  to  the  electrolytes  were  0.075,  0.71  and  0.41  cm^  for  undoped  CdS,  100  ppm 
CdS:Te  (edge  mounted),  and  1000  ppm  CdS:Te,  respectively. 

Figure  2  (a)  Uncorrected  electroluminescence  (EL)  spectrum  of  undoped  CdS  obtained 
In  5M  NaOH/O.lM  I^^Og  electrolyte.  The  electrode  was  continuously  pulsed  between 
0.0  V  (11  sec)  and  -1.8  V  vs.  SCE  (1  sec)  while  the  emission  was  scanned  at 
12  nm/mln.  Note  the  vertical  scale  expansion  between  580  and  800.  nm. 

(b)  Uncorrected  photoluminescence  (PL)  spectrum  of  the  same  sample  of  undoped  CdS  In 
air  (curve  1)  and  out  of  circuit  but  immersed  In  the  peroxydl sulfate  electrolyte  used  for 
the  EL  experiment  (curve  2).  The  sample  was  excited  with  the  457.9  nm  line  (^5 
mW/cm  )  of  an  Ar  Ion  laser  (excitation  spike  is  shown  at  1/100  the  scale  of  the 
PL  spectrum);  scattered  laser  light  accounts  for  the  loss  of  baseline  at  the  high- 
energy  extreme  of  the  PL  spectrum.  Sample  geometry  Is  Identical  in  curves  1  and  2 
but  differs  from  that  used  in  (a). 

Figure  3  Uncorrected  EL  (a)  and  PL  (b1)  spectra  of  100  ppm  CdS:Te  taken  under 
the  conditions  given  In  Figure  2. 

Figure  4  Uncorrected  EL  (a)  and  PI  (b)  spectra  of  1000  ppm  CdS:Te  taken 
under  the  conditions  given  in  Figure  2. 
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